The charmed meson one-loop effect on the mass of ψ(3770) in nuclear medium is studied in a hadronic model. Taking into account the reduced charmed meson in-medium mass as a result of the partial restoration of chiral symmetry, we find that the ψ(3770) mass decreases appreciably at finite nuclear density. The result is compared with that from the perturbative QCD approach. The mass shifts of ψ(3770) and other charmonium states could be observed in the experiments at the future accelerator facility at GSI. PACS number(s): 14.40.Gx, 12.39.Hg, 12.40.Yx Typeset using REVT E X *
I. INTRODUCTION
The study of hadrons in nuclear matter and/or at finite temperature is a problem of current interest as it has direct phenomenological relevance to experiments involving finite nuclei or relativistic heavy ion collisions [1] . Recently, detailed lattice gauge calculations with dynamical quarks have provided useful information on the heavy quark potential at finite temperature [2] , and this has led to a renewed interest in the in-medium properties of mesons with heavy quarks. Results from these lattice gauge calculations show that even below the critical temperature, the interquark potential at large separation approaches an asymptotic value V ∞ (T ) that decreases with increasing temperature [2] . The temperature dependent interquark potential allows one to determine the change in the binding energies of the charmonium states at finite temperature. Using this information, Digal et al. [3] and Wong [4] have studied the level crossing between the charmonium states and the DD threshold, and predicted the melting temperatures of the charmonium states.
The transition from a linearly rising interquark potential in free space to a saturated one at finite temperature is due to the formation of aQq −qQ pair when the separation of two heavy quarks becomes large. As a result, the decrease in V ∞ (T ) can be interpreted as a decrease of the open heavy quark meson (Qq orqQ) mass m H , such as the D meson mass, at finite temperature [3, 5] . Furthermore, the decrease of m H seems to be a consequence of the decrease in the constituent mass of light quark as the temperature dependence of V ∞ (T ) is similar to that of the chiral condensate[6] .
The relation between the mass m H of a heavy-light meson and the chiral order parameter follows naturally from the heavy quark symmetry [7] , in which the heavy quark acts as a static source for the light quark, which in turn probes the QCD vacuum. Therefore, changes in the vacuum condensates, e.g., at finite temperature and density, are expected to affect the constituent mass of light quarks and consequently also m H .
For the heavy quark potential or m H at finite density, there is unfortunately no results from the lattice gauge calculations. On the other hand, explicit calculations based on the QCD sum rules analysis [8, 9] and the quark-meson coupling model [10] confirm the relation between chiral symmetry breaking and m H . Consequently, the 50 MeV decrease in the D meson mass at normal nuclear matter density as found in these studies is related to the expected 30% reduction of the chiral condensate [11] .
The change of the D-meson mass in nuclear medium has important phenomenological consequences. Among these are the possible existence of charmed mesic nuclei [10] , enhanced production of open charmed mesons inpA reactions at subthreshold energies [12] and in relativistic heavy ion collisions [13] , as well as the suppression of J/ψ production in relativistic heavy ion collisions [14] . It is also expected to affect the mass of charmonium states in nuclear medium. Studies based on both the QCD sum rules [15, 16] and the effective potential model [17, 18] have indicated that the J/ψ mass decreases by a few MeV at normal nuclear matter density. These non-perturbative models are, however, not applicable to the excited charmonium states ψ(3686) and ψ(3770). Since the masses of these two excited states are slightly below and above theDD threshold, respectively, they are expected to be more sensitive to changes in the D meson mass that the mass of J/ψ. It is thus of interest to use other models to study the mass shift of excited charmonium states at finite nuclear density. In this letter, we shall use a hadronic model to investigate the effect of a decreasing D meson mass on the mass shift of ψ(3770) in nuclear medium. The hadronic model is based on a simple interaction Lagrangian for the charmonium state ψ(3770) and the D meson with the coupling constant g ψDD determined from the decay of ψ(3770) to DD. Using the hadronic model, the mass shift will be calculated from the change in the ψ(3770) self energy due to the change in both the D meson mass and the coupling constant g ψDD . The latter will be determined using the 3P0 model [19] with in-medium masses.
II. THE MODEL
Following the studies in Ref. [20] on ρ − π interactions and in Ref. [21] on φ − K interactions, we use the following Lagrangian for interacting ψ(3770) and D meson:
where F µν = ∂ µ ψ ν − ∂ ν ψ µ is the ψ meson field strength, and
In Eq. (1), D µ = ∂ µ − i2g ψDD ψ is the covariant derivative with the coupling constant so defined that the ψDD interaction term has the following form:
The ψ(3770)DD interaction is particularly similar to the φKK interaction as in both cases the vector meson mass is slightly above the total mass of the two pseudoscalar mesons. But unlike the φ meson, the ψ(3770) is an excited state, and its coupling to the D meson may depend sensitively on the change of the D meson mass as shown below.
III. ψ(3770) AND D MESON COUPLING CONSTANT
We first consider the coupling constant g ψDD of ψ(3770) to D meson in the vacuum. Its decay width into DD is given by
Assuming that the total width (about 23.6 MeV) of ψ(3770) is dominated by decaying into DD gives g ψDD = 15.4. This coupling constant essentially measures the overlap between the ψ(3770) quark wave function with the relative wave function between the two outgoing charmed mesons. If m D decreases in nuclear medium, the relative momentum between the c andc quarks inside the D mesons will become larger, leading thus to a different overlap with the initial ψ(3770) state. Since the ψ(3770) is an excited state, the nodes in its wave function can give canceling contributions to the overlap integral. For certain outgoing charm quark momenta, it can even lead to a vanishing coupling constant between ψ(3770) and D meson [22, 23] .
The above discussion essentially forms the basis of the 3P0 model [23] . In this model, g ψDD is calculated in terms of the product of the overlap integral described in the above and a coupling strength γ, which characterizes the probability of producing a light quark-antiquark pair in the 3 P 0 state. The result can be read off from Refs. [22, 24] , i.e.,
where
1/2 and β characterizes the size of the charmonium quark wave function. The parameters γ and β are taken to have the values 0.28 and 0.31 GeV, respectively, to reproduce both the decay width of ψ(3770) to DD and the partial decay width of ψ(4040) to DD, DD * , and D * D * [22] . In Fig. 1 , we show the coupling constant g ψDD predicted by the 3P0 model for ψ(3770) as a function of the D meson in-medium mass m * D . The dashed line is obtained with the mass of ψ(3770) kept at its vacuum value. It is seen that the coupling constant decreases with decreasing D meson mass. When the D meson mass is 50 MeV below its free space value, i.e., at normal nuclear matter density, the coupling constant for ψ(3770) is 9.46 and is about 40% below its free space value of 15.4. Also shown in the figure by the solid line is the value of g ψDD obtained with the mass of ψ(3770) calculated self-consistently as described in the following section.
IV. CHARMONIUM MASS SHIFT IN NUCLEAR MEDIUM
Following the method used in Ref. [21] for estimating the kaon loop effect on the phi meson self energy, we have used the above Lagrangian to calculate the D meson loop effect on the ψ(3770) self energy. The real part is given by
where k is the four momentum of the ψ(3770). Using the dimensional regularization, we have
In the above, the parameter C is a renormalization constant and is determined by Π(k 2 = m 2 ψ ) = 0, which ensures that the D meson loop does not contribute to the real part of the ψ(3770) self energy in free space. The mass of ψ(3770) at finite density is then given by
Eq.(8) can be solved self-consistently to give the ψ(3770) mass as a function of the D meson in-medium mass m * D , and the results are shown in Fig. 2 . The dashed line is the result using the coupling constant g ψDD given by the 3P0 model with in-medium D meson mass but free ψ(3770) mass (dashed line in Fig. 1 ). In this case, the ψ(3770) mass is reduced by about 64 MeV when the D meson mass decreases by 50 MeV, which is the expected D meson mass shift at normal nuclear matter density [8] [9] [10] . The mass drop of ψ(3770) is increased to 94 MeV if we use the coupling constant g ψDD that is determined from the 3P0 model with the self-consistent in-medium ψ(3770) mass m * ψ . This coupling is shown by the solid line in Fig. 1 , and it shows a much weaker dependence on the D meson mass than that obtained from Eq.(5) using the ψ(3770) free mass. This simply reflects the fact that the D meson momentum does not change much when both ψ(3770) and D meson masses decrease. On the other hand, the quark wave function of ψ(3770) generally becomes broader as its mass decreases. Since this would reduce the overlap of the ψ(3770) quark wave function with the relative wave function of the outgoing D mesons, the ψ(3770)DD coupling is expected to be smaller than that given by the solid line in Fig. 1 . This effect can be seen from Eq. (5) if we use a smaller value of β, which corresponds to a broader ψ(3770) quark wave function. A quantitative study of this effect is, however, not possible at present as this requires the knowledge of the interquark potential at finite density.
V. COMPARISONS TO RESULTS FROM PERTURBATIVE QCD
The charmonium mass shift in the nuclear medium can also be evaluated in the perturbative QCD when the heavy quark mass m q → ∞. In this limit, there are two scales in the heavy quark-anti-quark bound state [25] : the binding energy ǫ, which becomes Coulomb-like and scales as m q g 4 , and the typical quark momentum p of the bound state, which is proportional to the inverse of the Bohr radius a 0 and scales like m q g 2 . Hence, one can perform a systematic operator product expansion (OPE) of the correlation between the bound states by taking the separation scale to be the binding energy [26] [27] [28] .
This formalism has been used to estimate the mass shift of J/ψ in nuclear medium [29] . Using the forward scattering matrix element of the bound state with the nucleon and multiplying it by the nuclear density, the mass shift to leading order in density is given by
In the above, m n and ρ n are the nucleon mass and the nuclear density, respectively; E 2 n is the nucleon expectation value of the color electric field; ǫ 0 is the Coulomb-like ground state energy; and d 2 is given by [26] 
where N c = 3 is the number of color. The mass shift for J/ψ can be estimated using ǫ = ǫ 0 = 2m D − m J/ψ . Using the 1s Coulomb wave function given in Table 1 , which gives r 2 obtained from the Cornell potential [30] by taking a 0 = 0.27 fm. The nucleon expectation value of the color electric field can be determined from the gluon distribution function and the energy momentum tensor of the nucleon. With d 2 = 28π/27 for the 1s state, we find ∆m J/ψ = −8 MeV at normal nuclear matter density [29] . Although the higher twist effect is expected to be non-trivial, this result is consistent with those from other non-perturbative QCD studies [15] [16] [17] [18] .
The application of the leading order QCD result in Eq. (9) to ψ(3770) is more subtle. In the m q → ∞ limit, ψ(3770) is a 3d state in the Coulomb potential with a binding energy ǫ = ǫ 0 /9. Using the same Bohr radius a 0 as in the case of J/ψ would give a mass shift of more than -800 MeV. This unrealistically large shift of the ψ(3770) mass is due to the assumption that the quark wave function of ψ(3770) is given by the 3d state in the Coulomb potential. Since the ψ(3770) also sees the confining part of the potential, it should have a much smaller radius than given by the 3d Coulomb wave function. As Eq. (9) involves the square of the derivative of the wave function in the momentum state, the mass shift of ψ(3770) is thus related to its spatial size as in the second-order Stark effect. To obtain a more realistic estimate of the ψ(3770) mass shift, we therefore use a smaller wave function of a Gaussian type as used in Eq. (5) for evaluating the ψ(3770)DD coupling constant. Taking r 2 ψ(3770) ∼ 4 r 2 J/ψ , as expected from the Cornell potential [30] , then the Gaussian wave function in Table 1 gives r
0 for the 3d Coulomb wave function. Expressing β in terms of a 0 , we find d 2 = (28π/27) × 9.6 if we take ǫ = ǫ 0 /9. The resulting mass shift of ψ(3770) at normal nuclear matter density then has a reasonable value of ∆m ψ(3770) = −77 MeV. Our results thus show that the mass shift of ψ(3770) at finite density is very sensitive to the size of its quark wave function. On the other hand, the mass shift depends less strongly on the binding energy of ψ(3770). If we take the extreme limit of ǫ = 0 in Eq. (9), the mass shift is found to change by less than 50%. This also implies that the leading order QCD prediction for the mass shift of ψ(3686) is almost the same as that of the ψ(3770), as they have almost identical r 2 [30] . Of course, the leading order QCD result for ψ(3770) or for ψ(3686) is subjected to even larger higher twist corrections than that for J/ψ. Nevertheless, it is interesting to see that the order of magnitude estimate for the mass shift of ψ(3770) in nuclear matter using the leading-order QCD result is similar to that from our hadronic model calculation.
VI. CONCLUSIONS
Inspired by recent lattice gauge results that the mass of charmed meson is reduced at finite temperature, leading thus to a saturation of the interquark potential at large separation distance, we have studied the change of the mass of ψ(3770) at finite nuclear density. Using a hadronic Lagrangian to describe the interaction of the charmonium state with the D meson, we have calculated the D meson one-loop effect on the charmonium mass as a function of the D meson in-medium mass. We find that as the D meson mass decreases at finite nuclear density as suggested by both the QCD sum rules analysis and the quark-meson coupling model, the charmonium mass is reduced appreciably even after taking into account the decreasing ψDD in-medium coupling constant as predicted by the 3P0 model.
We have not used the hadronic model to calculate the mass shift of J/ψ or ψ(3686) at finite nuclear density as these charmonium states are below the DD threshold, and the 3P0 model is thus not applicable for determining their couplings to the D meson. For the J/ψ, if we use instead the coupling constant g J/ψDD = 7.8 determined from the vector dominance model [31, 32] , i.e., assuming J/ψ dominance for the electromagnetic current of the D meson, then the mass shift of J/ψ at normal nuclear matter density is about -27 MeV and is about a factor of four larger than those given by other models such as the QCD sum rule analysis, the effective potential model, and the perturbative QCD. To reproduce the latter results requires a reduction of the J/ψDD coupling constant by a factor of two. Since the coupling constant g ψDD for ψ(3770) is shown to decrease when the D meson mass is reduced, the J/ψDD coupling constant is likely to decrease in nuclear medium as well.
Our results are expected to have important implications in understanding the partial restoration of chiral symmetry in dense matter. Since the mass of ψ(3770) as well as that of ψ(3686) lie near the DD threshold, they depend sensitively on the asymptotic value of the interquark potential, which, according to recent lattice gauge calculations, is related to the chiral symmetry breaking of the QCD vacuum. The shift of ψ(3770) and ψ(3686) masses in nuclear medium can be studied in experiments involvingp − A annihilation as proposed in the future accelerator facility at GSI [33] . In these experiments, ψ(3770) and ψ(3686) produced inside a heavy nucleus will be measured via the dilepton spectrum emitted from their decays. The observation of shifts in their masses in these experiments would give us valuable information on the changes of the QCD vacuum in nuclear medium. Fig. 1 ) and with the in-medium ψ(3770) mass (solid line in Fig. 1 ).
